Phil, at Marischal College Aberdeen'. O n 22 February he mentioned in a further letter to Thomson that he had heard that P. G. Tait was also a candidate (2).
Unhappily, John Clerk Maxwell died shortly before the Aberdeen election took place; but James let his application stand because it had had his father's warm approval. He was appointed at the end o f April 1856, and took up duty in the following November.
As a bachelor, he found lodgings at 129 Union Street, and prepared both to take his undergraduate classes and to introduce himself to his colleagues through his Inaugural Lecture. O f this he wrote (14 October 1856), 'N ow I am writing a solemn address or manifesto to the Natural Philosophers o f the N orth, which I am afraid I must reinforce w ith coffee and anchovies, and a roaring hot fire and spread coat-tails to make it all natural'. As was reported in the Aberdeen Free Press o f 7 November 1856, the Lecture was given at 11 a.m. on the first day o f term, 3 November, to an audience that included most o f the Senatus Academicus, 'a very large number o f students' and Piazzi Smith, the Astronomer Royal for Scotland (3). Maxwell's manuscript o f this Lecture is in the University Library at Cambridge; it has never before been printed, but is reproduced as an Appendix to this paper because o f its exposition o f Maxwell's view o f Natural Philosophy and its context as he was entering his most creative period.
Professors in Scottish universities in the nineteenth century had a heavy teaching load, even allowing for the shortness o f the academic year, November to April. They were relatively well paid, the underlying philosophy being that in this way good men would be attracted, and then the university would get as much w ork out o f them as possible. Maxwell, in describing his teaching in 1857, said, 'I have also a mechanics' class in the evening, once a week, on mechanical principles, such as doctrine o f lever w ork done by machines, etc. So I have 15 hours a week, which is a great deal o f talking straightforward.' Maxwell had started lecturing to working men while he was still at Cambridge. He spent much effort on lecture demonstrations: 'W e have been at the theory o f Heat and the Steam Engine this month, and on Monday we begin Optics. I have a volunteer class who have been thro' Astronomy and we are now at high Optics. Tuesday week I give a lecture to operatives, etc, on the Eye. I have just been getting cods' and bullocks' eyes to refresh m y memory and practise dissection. The size o f the cod and the ox eye is nearly the same. As this was our last day o f fluids, I finished off w ith a splendid fountain in the sunlight. W e were not very w et ' (27 February 1857) . 'The session went off smoothly enough. I had Sun all the beginning o f Optics, and worked off all the experimental part up to Fraunhofer's lines, which were glorious to see w ith a water prism I have set up in the form o f a cubical box, 5 inch side ' (20 May 1857) . 'By the way, JAMES CLERK MAXWELL, F.R.S. I found it useful at Aberdeen to tell the students what parts o f the subject they were not to remember, but to get up and forget at once as being rudimentary notions necessary to development, but requiring to be sloughed off before m aturity ' (29 May 1857) . '1 am at full college w ork again. A small class w ith a bad name for stupidity, so there was more field for exciting them to activity. . . . I am having students' teas when I can. Also a class o f operatives on Monday evening, who do better exercises than the University men about false balances, Quantity o f W ork, etc. ' (26 November 1857) .
These quotations show Maxwell's enthusiasm as a teacher, although his effectiveness in this direction is less certain. His own ability was widely different from that o f his students, and the richness o f his imagination and the swiftness o f his w it may have been hard for a first year class to follow. It is also true that, as his Cambridge pupil Sir Horace Lamb said, 'He had his full share o f mis fortunes w ith the blackboard' (4). But Lamb also said o f M axwell's lectures, 'They had a great interest and charm for some o f us, not so much for the sake o f the subject matter, which was elementary, but in the illuminating glimpses we got o f the lecturer's own way o f looking at things, his constant recourse to fundamentals, and even his expedients when in a difficulty, the humorous and unexpected digression, the occasional satirical remarks, and often a literary or even poetical illusion'.
Maxwell's lecture demonstrations were remembered around the Aberdeen countryside well into the present century. The favourite, as one farmer recalled it, was the mounting o f a member o f his lecture class on an insulated stand while Maxwell 'pumpit him fu' o ' electricity, so that his hair stood oot on end'. He had a number o f distinguished students, including David Gill, afterwards Astronomer Royal at the Cape, and George Reith, Moderator o f the General Assembly o f the Church o f Scotland.
The merit certificate that Maxwell awarded to Reith is reproduced at Figure 1 . There is a history to this certificate, for George Reith's son was John Reith, the first General Manager o f the British Broadcasting Company, and later Lord Reith o f Stonehaven. Lord Reith (5) records in his autobiography that he had it framed and hung on the wall o f his office throughout the time that he headed the B.B.C., because he saw it as his destiny to put to w ork for the public good the radio waves whose existence had been predicted by his father's great teacher. As Lord Reith himself relates, the legend throughout the B.B.C. was that the certificate was one that he himself had w on for exemplary per formance at Sunday School.
Maxwell's relations w ith his students were good. The university regulations allowed students to take tw o books at a time from the library, but no more, while Professors could take out as many books as they pleased for themselves and their friends. Maxwell therefore took out additional books for his students and, when reproved for this by his colleagues, answered that his students were his friends. He did, however, see another side o f the students when they gathered for what were known as the Murtle Lectures, every Thursday afternoon in Marischal College. The lectures were o f a religious nature, and were com pulsory for all students. They were delivered by the Principal, The Very Reverend Daniel Dewar, and Maxwell, as one o f the Regents, had to attend to help keep order. The audience was characteristically unattentive and noisy, and it moved Maxwell to w rite:
Know ye the Hall where the Birch and the Myrtle Are implements o f things half profane, half divine, W here the hiss o f the serpent, the coo o f the turtle, Are counted cheap fun at a sixpenny fine? Know ye the Hall o f the pulpit and form, W ith its air ever mouldy, its stove never warm; W here the chill blasts o f Eurus, oppressed with the stench, W ax faint at the window, and strong at the bench; Tis our Hall o f Assembly, our high moral school, Must its walls never rest from the bray o f the fool? O h vain as the prospect o f summer in May, Are the lessons they learn and the fines that they pay.
Maxwell evidently found that his humour was not appreciated by his colleagues for on 22 December 1857 he wrote, 'No jokes o f any kind are understood here. I have not made one for two months, and if I feel one coming I shall bite my tongue/ Although Maxwell was heavily occupied with teaching duties during term time, one o f the compensating advantages o f a Scottish Chair at that time was the long spell from early April to early November when there were no students in attendance. This was because traditionally the students were at home for almost the whole o f the farming season, and attended university during the winter months only. Maxwell himself left Aberdeen for most o f the time, retiring to his country estate, Glenlair, between the villages o f Corsock and Kirkpatrick-Durham in Kirkcudbrightshire. As he later (1862) wrote to a friend: 'I hope you enjoy the absence o f pupils. . . the total oblivion o f them for definite intervals is a necessary condition of doing them justice at the proper tim e/ In the intervals between teaching he was very active in research, his first paper after coming to Aberdeen being on a dynamical top (6). He had long been interested in rotating bodies, one of his favourite childhood toys being the diabolo, with which he was unusually deft. The top was intended as a device for producing mixtures of colours from the segments of a spinning disc, and it was made for him by Ramage, a skilled Aberdeen instrument maker.
Maxwell introduced his top to the Royal Society of Edinburgh thus: 'The top which I have the honour to spin before the Society differs from that of Mr. Elliot in having more adjustments and in being designed to exhibit far more complicated phenomena/ The top, which is illustrated at Figure 2 , occasioned one of Maxwell's characteristic jokes. He is said to have taken it with him to Cambridge when he returned to take his M.A. in 1857 and to have amused his friends with it one evening after dinner (7). It had considerable inertia, and was still spinning when they left. The following morning Maxwell happened to look out of his window and see that two of his guests were returning. He promptly set the top spinning again and went back to bed, leaving his friends to wonder at the example of near-perpetual motion.
In 1858 he published a paper on the general laws of optical instruments (8) in which by a series of Euclid-like axioms and propositions he showed that no optical system can give perfect images of an extended object for more than one object distance, unless the system is a simple plane mirror.
Maxwell's first major investigation was in response to the challenge set by the examiners for the Adams Prize Essay for 1857: this was to explain the motions of Saturn's Rings. Maxwell's famous investigation showed that the Rings must consist of small particles, as was subsequently confirmed by the Doppler effect on their reflected light. In the course of his essay Maxwell thought of a mechanical model: 'I have devised a machine to exhibit the motions of the satellites in a disturbed ring; and Ramage is making it, for the edification of sensible image worshippers' (22 December 1857). In the same letter he showed his appreciation of technical help: 'I am happy in the know ledge of a good tinsmith, in addition to a smith, an optician, and a carpenter'; and 'I have got a new model of my theoretical ring, a credit to Aberdeen workmen' (7 February 1858).
He again called on Ramage's help in making his 'colour box' by which he could achieve mixtures of any three spectral colours, together with a proportion of white light. The box, along with the model of Saturn's Rings, is now in the Cavendish Laboratory; it is described in Philosophical Transactions (9) and is of interest as an instrument because it appears to be the first device to use what is generally known as the Littrow arrangement for doubling the dispersion of a prism by reflecting the dispersed beam back through the same prism (Figure 3 ). The many measurements that Maxwell took in making various colour matches enabled him to map the regions of colour sensitivity of the three types of colour receptor in the human eye, and to show that, while in a colour-blind observer the blue and green sensitivities were normal, the red curve was entirely missing. For most of the experiments Maxwell used his own eye but the Philosophical Transactions paper shows that another observer, designated as 'K', also took part. And since he specifies himself as 'J ' the new observer was his wife, Katherine, the daughter of Principal Dewar. Fie broke the news o f his betrothal to his aunt, Miss Cay, in a letter of 18 February 1858:
Dear Aunt-this comes to tell you that I am going to have a wife.
I am not going to write down a catalogue of qualities, as I am not fit; but I can tell you that we are quite necessary to one another, and. understand each other better than most couples I have seen.
Don't be afraid; she is not mathematical; but there are other things besides that, and she certainly won't stop the mathematics.
The only one that can speak as an eye witness is Johnnie, and he only saw her when we were both trying to act indifferent.We have been trying it since, but it would not do, and it was not good for either. So now you know who it is, even Katherine Mary Dewar (hitherto).
This may well have been the happiest period, of Maxwell's life. A few days later (5 March 1858) he was writing, 'My lines are so pleasant to me that I think everybody ought to come to me to catch the infection of happiness. This college work is what I and my father looked, forward, to for long, and. I fmd we were both quite right-that it was the thing for me to do. And. with respect to the particular college I think that we have more discipline and more liberty, and therefore more power of useful work, than anywhere else. It is a great thing to be acknowledged " Regent" of one's class for a year, so as to have them to one's self except in mathematics and what additional classes they take. . . . In Aber deen I have met with great kindness from all sects of people. . . .' Maxwell and Katherine Dewar were married in June 1858; they appear not to have set up a separate home, but to have stayed at 13 Victoria Street, the house of Principal Dewar (10).
At Maxwell's 'colour box', designed to mix three spectral colours from slits at X , Y and Z by dispersion through the prisms P and P '. The light is reflected back through the prisms by the mirror S to the eyepiece E. Maxwell invented the system in 1856. Porro made the same invention independently, and both he and Maxwell anticipated Littrow. The curves are Maxwell's determination o f the green and blue receptor sensitivities in the eye of a colour-blind observer, for whom the red receptors were inactive o f the citizens, who decided that they would like to invite the British Associa tion but realized that they had no suitable hall for the main assembly. They therefore raised the money themselves by personal subscription, and the building, now the Music Hall, was built and ready for the British Association within tw o years o f the idea being mooted. The meeting, under the Presidency o f the Prince Consort, was memorable, for it was here that Maxwell announced his celebrated law governing the distribution o f molecular velocities in a gas, and also made the brilliant prediction that the viscosity o f a gas should be independent o f pressure. Maxwell himself later verified this prediction by experiment, and it so delighted Rayleigh that the latter said o f it that physics contained 'no more beautiful or telling discovery than that gaseous viscosity is the same at all densities' (n ). The actual venue of the announcement was probably the Natural Philosophy Lecture Room in Marischal College (Plate 3), which is said to have been on the first floor, behind the tower on the left wing in the drawing (12).
Maxwell was not to do much more work in Aberdeen. Events there were to deprive him of his Chair in i860. This came about because there were two 'colleges and universities' in Aberdeen, Kings having been founded in 1494 and Marischal in 1593 (note 'college and university' in Figure 1 ). It had long been apparent that Aberdeen could not sustain two effective universities, and there had been various attempts to reorganize them into one institution. At the beginning o f his stay in Aberdeen, Maxwell had found this issue predominant in university and local politics; and it was finally resolved by a Royal Commis sion which ruled that the two colleges, each o f which had previously been an independent degree-awarded body, should be fused into the new 'University o f Aberdeen'. Since each college had had its own set o f professors in the major subjects, this meant that one professor would be supernumerary after the fusion took place. A rule had therefore to be applied to decide in every subject which of the professors was to go. The general rule was that whichever professor had seniority of appointment was to be retired. The junior professor was to remain in control. This rule would look odd to any trade union but perhaps the point was that since the professor was to be retired on a pension, the senior one was likely to live for a shorter time, and therefore his retirement would involve Aberdeen in the lower expenditure. As far as I can establish the rule was applied consistently except in the one case o f Natural Philosophy, where the junior professor was retired, and the senior was allowed to stay. David Thomson, the professor of Natural Philosophy at Kings College, was therefore preferred to Maxwell.
Thomson, who was undoubtedly a good teacher, had been a prominent advocate of fusion, and both these factors may have been relevant to his prefer ment. There is, however, an unrecorded story that I myself heard from Sir Edmund Whittaker, who told me that he had gathered it from Mrs P. G. Tait, the wife of Maxwell's rival and lifelong friend. Mrs Tait said that the reason that Maxwell alone among the junior professors lost his post was that Mrs Maxwell took a hand in the affair. As the daughter o f a Principal she considered profes sors 'two a penny', and she was hankering after being the wife o f a country gentleman, which she would be if Maxwell would retire to Glenlair. Although this may seem surprising in nineteenth-century Scotland, with its respect for education, the country gentry were often regarded--and regarded themselves__ as being on an altogether higher plane (even in the 1940s, after the premier Marquess o f Scotland had asked me what a Professor o f Natural Philosophy did, he said, 'I see, you are the man 1 should send for when m y wireless set breaks dow n'). Mrs Tait's story may indeed have some foundation for, although Mrs Maxwell did not succeed on this occasion (Maxwell applied for the vacant Chair at Edinburgh but P. G. Tait was preferred: he then applied for and was given the Chair at King's College London) he nevertheless did retire from King's College after only five years, at the age o f 34, and went to live permanently at Glenlair, where he would presumably have stayed indefinitely had he not been pressed to return to Cambridge as the first Cavendish Professor.
W hen I myself came to the Chair o f Natural Philosophy at Aberdeen, I found that the university hardly remembered that it had once had Maxwell as professor. After I had written an article (13) in the University Review recalling Maxwell's w ork here, a retired school inspector called on me to tell me that over the years he had tried to gather recollections o f Maxwell. He also said that one day in the 1920s he had been astonished to read an advertisement in the Aberdeen Press and Journal asking anyone who knew o f the present whereabouts o f M r James Clerk Maxwell to get into touch w ith the advertisers, a firm o f solicitors. The inspector therefore called on the head o f the firm, whose clerk had briefed him on the im port o f the inspector's visit.
T understand' said the solicitor 'that you can help us in tracing M r. Maxwell.' The inspector replied that he m ight be able to help but could he first be assured that the advertisement was not a joke. W hen the solicitor said that his firm were serious the inspector replied, 'Do you mean to tell me that you have never heard o f James Clerk Maxwell?' 'N o ', replied the solicitor. 'W ho was he?' 'Do you mean to tell me that you have never heard o f the most famous man w ho ever walked the streets o f Aberdeen!' The inspector then proceeded to give an appreciation o f Maxwell's work. At the end the solicitor said, 'W ell, this is very interesting. N ow I will tell you w hy we put the advertisement in the paper. W e are the lawyers who handle the business o f the Music Hall, which was originally run by a private company (the citizens who had subscribed in 1857) and Maxwell was one o f the shareholders. From time to time the Hall still pays a small dividend, which we have to distribute. For years we have been sending an envelope to the University addressed to: "M r. James Clerk Maxwell, Marischal College" and every time it comes back "N o t know n" !' Surveying Maxwell's scientific w ork in Aberdeen it is perhaps remarkable that, although most o f his other lifelong interests appear, there is nothing either in his published papers or, seemingly, in his correspondence w ith Kelvin (14) , that suggests that he was following up his earlier w ork on Faraday's Lines o f 67 Force. There is a statement in a letter to J. D. Forbes in 1857 that he was 'by no means as yet a convert to the views Faraday maintained'; but a year later he was writing o f Faraday as 'the nucleus o f everything electric since 1830' (15). Perhaps the Aberdeen period came at a time when, as he wrote to a friend on 29 May 1857, 'I believe that there is a department o f the mind where things are fermented and decocted, so that when they are run off they come clear'. The ideas which he described in his 1855 paper may have been simmering all the time at Aberdeen, beginning to come clear as he took up the Chair in King's College London in i860, and leading him to the famous result in his 1861 paper that electromagnetic waves should exist and travel w ith the velocity o f light.
His Inaugural Lecture at King's College still exists in manuscript in the University Library at Cambridge. It has much in common w ith the Aberdeen lecture, and has indeed been confused w ith it (17). There is one passage, how ever, that does not occur in the Aberdeen lecture and which reflects Maxwell's growing interest in the history o f science, an interest that he was to elaborate further in his Inaugural Lecture at Cambridge eleven years later: W e cannot understand the steps by which the human mind has advanced to its present state o f knowledge, till we ourselves have some experience o f what that state o f knowledge is. W hen we have encountered and overcome the resistance o f our own minds to the acquisition o f new ideas, we shall be the better able to appreciate the labours o f those, who for the first time thought out those ideas, and transmitted them to us for a perpetual possession.
This passage gives would-be historians o f science something to think about: can one genuinely appreciate the history o f science w ithout having oneself struggled to advance it? George Reith's Merit Certificate is now in the Natural Philosophy Depart ment at Aberdeen, having been given to us by Sir Noel Ashbridge at the late Lord Reith's request.
N otes
(1) These Essays, and the quotations in this paper unless otherwise specified, are to be found in The w ork which lies before us this session is the study o f Natural Philosophy. W e are to be engaged during several months in the investigation o f the laws which regulate the motion o f matter. W hen we next assemble in this room we are to banish from our minds every idea except those which necessarily arise from the relations o f Space Time and Force. This day is the last on which we shall have time or liberty to deliberate on the arguments for or against this exclusive course o f study, for, as soon as we engage in it, the doctrines o f the science itself will claim our constant and. undivided attention. I would, therefore ask you seriously to consider whether you are prepared, to devote yourselves during this session to the study of the Physical Sciences, or whether you feel reluctant to leave behind you the humanizing pursuits of Philology and Ethics behind you for a science of brute matter where the language is that of mathe matics and the only law is the right of the strongest that might makes right.
In order that you may be able to decide this question for yourself, I intend to set before you in this lecture
(1) The nature and limits of the sciences which constitute Natural Philo sophy as taught in this class. (2) The kind of evidence which we have for the truth of the doctrines of these sciences. (3) The relation of Physical science to those other departments o f human knowledge which have their place in our University system.
I. What is Natural Philosophy About the end of the sixteenth century when a Regent in Philosophy began the exposition of the system o f the universe his conception of the extent of his subject was definite and satisfactory. The founder of our university had ordained that the knowledge of natural things should be publicly taught, and the Regent simply fulfilled the duties of his office. It forms no part o f my duty to describe the system originally taught from this Chair. The progress o f discovery threw the wisdom of those days into confusion and accumulated new materials far too various to be classed under one name. Sciences were multiplied and large departments of human knowledge sprung up by the side o f the old Natural Philosophy. Thus the new science of Chemistry carried away with it the germs of the sciences o f heat and electricity and as these gradually became too im portant to be treated o f as introductory to the chemistry o f ponderables they have returned to take possession of the domain of Physics.
It would seem therefore as if the boundaries of our subject were becoming daily more confused and as if the modem student must sacrifice all the higher aims o f science to the necessity of extending his acquaintance with the dis coveries of the day. And when we remember that our object in this University is not merely to produce philosophers but also men qualified in other ways to serve God both in Church and State it becomes a matter of the greatest im portance to decide upon the principle which is to guide us in our study of Nature in this place. Are we to study many things rapidly or a few things calmly? Shall we acquire what information we can; and leave deep thinking to 7i professional men? or shall we employ our limited time on one or tw o subjects, and be content to be behind the age in general information? N ow I would begin to answer this question by directing your attention to the method o f teaching in a University. The same set o f students meet at stated hours during the whole session w ith scarcely a day's intermission. Does not this seem as if we had some one thing to do requiring steady resolution and repeated efforts. And is not that one thing to learn something o f the first principles o f the works o f nature, the rudiments o f the creation so that we may no longer be oppressed w ith the multitude of wonders, but rather confident that as we have recognized the operation o f general principles in some instances, so in due time we shall discover more and more that the whole system o f nature is disposed according to a wonderful order.
Indeed the very fact that these general principles are to be found shows that it is needless to bewilder our minds w ith an accumulation o f detached facts for in the light o f the great laws o f nature these facts are no longer detached and bewildering, but necessary consequences o f principles which they illustrate. W hen we have once made our minds familiar w ith one or tw o great physical laws we begin to look upon the Universe as a realization o f the highest prin ciples o f Order and Beauty and we are prepared to see in Nature not a mere assemblage o f wonders to excite our curiosity but a systematic museum designed to introduce us step by step into the fundamental principles which are displayed in the works o f Creation.
I would now direct your attention to the limits o f the sciences which we are to study. Natural Philosophy may be divided into tw o great branches. The mechanical sciences treat o f the motion o f matter considered simply as matter, and are built upon the fundamental ideas o f force and mass w ithout any appeal to experimental measurements. W e have first the theory o f the composition and resolution o f forces which forms the foundation o f statics. Then we consider the geometrical conditions o f motion as exemplified in the motion o f a single point or in that o f a system o f points which preserves the same invariable form or in that o f a fluid in which there is perfect freedom o f motion in every part.
Lastly we consider the effects o f Force in producing or preventing motion in any o f these cases. W hen the motion is prevented by opposing forces we have a case o f equilibrium. The science which treats o f cases o f equilibrium o f points and rigid bodies is called Statics. That which treats o f the equilibrium o f fluids is called Hydrostatics.
W hen the forces produce m otion th e results are investigated in the science o f Dynamics and Hydrodynamics. To these four mechanical sciences we may add. two others which have claims to rank beside them although they are founded on assumptions. The first is Theoretical Astronomy which treats of the motions of distant bodies which attract one another according to Newton s law of gravitation. The second is the science of the equilibrium and motion of those hypothetical systems o f particles which by virtue of the forces acting among them appear to us as elastic solids and fluids. This science of molecular mechanics rests upon a much less certain basis than that of Astronomy. The superstructure however is an example of strict mechanical reasoning and may be found of use even when the fundamental assumptions have been proved to be erroneous.
We come next to the Physical Sciences in which we build upon facts of observation which we cannot completely explain but which we can mathe matically define. O f these some are so mixed up with mechanics that they are usually treated of as part of pure mechanics. The first is the science of Elastic Bodies treated without any assumptions about molecular action. The most important parts of this science are the theory of the elasticity and strength of solid materials such as rods and beams and that of the vibrations of elastic bodies which constitutes the physical theory of sound. The science of Elasticity treats of the effect of Pressure in altering the form and size of bodies. The effects of Heat in producing the same effect are so mixed up with that of pressure that in treating of the theory of gaseous bodies we are compelled to include the phenomena due to changes of temperature as well as those due to changes of Pressure. The practical application of this part of the Science of Heat is to be found in the Theory of the Steam Engine.
The Science of Heat has three main divisions (i) The theory o f the expansion and alteration of bodies into which it passes (2) the theory o f the distribution of heat in bodies by conduction, and (3) that of the transmission of heat from one place to another by a radiation of the same kind as that o f light.
The science of radiations appears to be the same in the case of the heat which we feel and the light which we see. In fact there appears to be no difference between radiant heat and light except that the eye by which we become acquainted with the sensation of light is a much more delicate organ than that of touch although it has a smaller range of sensibility.
Heat and light then being the same thing perceived by two different senses we prefer to use that organ by which we obtain most information. W e there fore call our science Optics and begin by stating the properties o f a ray o f light. From a few simple axioms about reflection and refraction we are able to deduce a systematic science which rivals the mechanical sciences in precision, and has this great advantage as an educational science that the phenomena are easily 72 observed, and that the disturbing effects, which render mechanical experiments fallacious do not here exist.
Last o f all we have the Electrical and Magnetic sciences which treat o f certain phenomena o f attraction, heat, light and chemical action depending on conditions o f matter o f which we have as yet only a partial and provisional knowledge. An immense mass o f facts has been collected and these have been reduced to order as the results o f a number o f experimental laws, but the form under which these laws are to appear as deduced from central principles is as yet uncertain. The present generation has no right to complain o f the great dis coveries already made, as if they left no room for further enterprise. They have only given Science a wider boundary, and we have not only to reduce to order the regions that have been conquered, but to keep up constant operations on the frontier on a continually increasing scale.
W hen Socrates asked Theataetus what he considered to be the nature o f Science, he could get no answer except the names o f all the sciences then in existence. In stretching out the limits o f Natural Philosophy, we appear to have adopted the same method-o f definition by simple enumeration. Perhaps in the beginning o f our enquiries there is nothing better than a kind o f Index Know ledge o f our subject but still it is right that we should have some characteristic o f the Physical Sciences to lay hold of, that we may determine what branches o f knowledge ought to be recognized here, and what ought to be handed over to some other department o f the University. In the enumeration which we have just made we began w ith the science o f motion and force, a science which differs from pure geometry only by the introduction o f the ideas o f mass. N ow it is this very idea which gives mechanics the character o f a physical science. The physical sciences treat o f matter as related to force. By this I mean ist that when we are occupied in defining the forms o f bodies we are performing the w ork o f a geometer, which, however necessary in mechanical enquiries, is rather a preparation for mechanics than mechanics itself.
Again Chemistry is the science which treats o f the different kinds o f matter and then combinations. Here again we are beyond the limits o f the Physical Sciences for we admit the existence o f different kinds o f matter whereas in a physical point o f view all matter must in itself be the same, and can be modified only by differences o f arrangement and motion and by being actuated by different systems o f force.
As soon as any chemical phenomenon has been reduced to a change in the arrangement and motion o f a material system, produced by forces o f a determinate nature, the phenomenon will be physically explained.
As long as we have no means o f conceiving o f chemical differences being due to determinate physical arrangements of pure matter and its forces, but are obliged to admit differences in kinds of matter for which we cannot account mechanically, we must be content to allow the chemists to study their own science from their own point of view. It appears, therefore, that we may study material objects in a geometrical point of view, taking account only of their forms and positions, or we may extend our investigations to their physical properties, their mass, velocity and state of aggregation, or we may go still further and consider the chemical qualities of the bodies, that is, the conditions under which they are compounded into entirely new substances. Thus if we fill a jar with oxygen and hydrogen, the determination o f the volume of the gases which the jar will hold is a geometrical question, the specific gravity of the mixture, and its pressure on the sides of the jar, depend on physical considerations, but the result of the intro duction of a lighted match depends on the chemical nature of the gases, and the explosion, though a physical effect, cannot be explained without reference to Chemistry. Now though the boundary between physics and Chemistry is plain enough in this case, there are two if not three great branches of science which are claimed by both. Electricity and Heat are the chief agents in chemistry and they are revealed to us principally by their chemical actions. Light also is an important agent in chemistry. Now the chemist, accustomed to refer all actions to the properties of the agents which produced them, supposed that in Electricity Heat and Light he had found three substances as distinct in their properties as oxygen or iron. The balance, however, gives no indication o f their presence, and hence, since they could not be estimated by weight, they were classed as imponderable substances.
When the universality of the action of the supposed imponderables was more fully recognized, it was seen that they have no analogy to the elementary bodies of chemistry, but are to be considered for the present as the unknown causes of phenomena which are observed in every kind o f matter. The laws of heat light and electricity are therefore included in physics, simply because their action extends to all substances whatever be their chemical nature.
II
We come next to consider the evidence upon which the physical sciences rest. The question whether Mechanics has a right to rank as a Pure Science has been often argued. If the Laws of Motion are necessary truths, then the advocates of Mechanics as a Pure Science have gained their point. If on the other hand they are only to be arrived at by experience then mechanics is to be considered 74 75 as a Mixed, science, in which mathematical reasoning is applied to facts, which are admitted as facts simply because they are observed, and not because we know that they could not be otherwise.
You are aware, gentlemen that there is a science which treats o f necessary truth, and which carefully distinguishes that which must be from that which only happens to be. The science o f Metaphysics is not o f m odem growth. Philosophers o f the greatest eminence have attacked these very questions from the earliest times, and yet it would appear that the one party could never wholly convince the other. One reason was that up to the sixteenth century both parties were wrong, for the laws they contended about were neither necessary truths nor the results o f experience, being contrary both to fact and to reason, and after the sixteenth century both parties were on a different ground for now the laws they admitted were at least true if not necessary.
You will perhaps be inclined to think that the root o f the matter must lie somewhere among the discoveries o f Galileo, Kepler or Descartes and that the great practical conclusion is, 'that once we were in error, and now we under stand, and therefore let us be content'.
But I would have you remember that the men to w hom we owe the greatest discoveries in mathematics and physics were metaphysicians. thought it a very important thing to determine the evidence on which they built any law. And it is still more remarkable that the greatest and most original metaphysicians have been nourished as it were w ith physical truth. Bacon, though his supply o f physical truth was scanty, had his m ind fixed upon the discoveries o f the future, and he draws both his wisdom and his eloquence from that new era, o f which he was himself the prophet. Descartes and Leibnitz need only be named to recall systems o f metaphysics which were also systems o f science. In fact the things discussed in metaphysics are so intimately connected w ith the foundations o f Natural Philosophy, that we have only to read a few pages o f metaphysical w ork to ascertain the precise limits o f the author's knowledge o f physical science.
It is commonly supposed that Scotchmen are born w ith an instinctive tendency towards metaphysics, and that when they begin to run short o f practical arguments, they take refuge in a higher and more impregnable region, where necessary truth reigns in perpetual sterility concealed by the mists o f rhetoric, and defended by the thunders o f declamation.
W hatever may be the fate o f Scotchmen when they run short o f matter o f discussion, their capacity for physical research ought to ensure them against every danger, for here they have an inexhaustible supply o f incontrovertible facts, all o f which have their bearing on metaphysical principles, and neither rhetoric nor declamation will avail, till these metaphysical principles are at peace with those incontrovertible facts. In the course of our studies here you will have abundant matter for the most abstract speculation but you must recollect that in physical speculation there must be nothing vague or indistinct. The truths with which we deal are far above the region of mist and storm which conceals them from the popular mind and yet they are solidly built upon the foundations of the world and were established of old, according to number, and measure, and weight.
Nothing that we can say or think here can escape from the ordeal o f the measuring rod and the balance. All quantities must be exact quantities, and all laws must be expressed with reference to exact quantities, so that we have a most effectual means of discovering error, and an absolute security against vagueness and ambiguity.
I ought now to tell you what my own opinion is with respect to the neces sary truth of physical laws-whether I think them true only so far as experiment can be brought forward to prove them or whether I believe them to be true independent of experiment. On the answer which I give to this question will depend the whole method of treating the foundations o f our science.
I have no reason to believe that the human intellect is able to weave a system of physics out of its own resources without experimental labour. Whenever the attempt has been made, it has resulted in an unnatural and self contradictory mass of rubbish. In fact unless we have something before us to theorize upon, we immediately lose ourselves in that misty region from which I have just warned you.
As long as a confused idea of the nature of force prevailed, and when men talked of the force of a cannonball the force of gunpowder and the force of so many pounds, without seeing that different names were required for each, of course no conclusions could be arrived at as to the laws of force. If we found a person calling a right angle, a square and a cube by the same name and unable to distinguish them in words, we could not expect him to have true ideas of these geometrical entities, but we know that as soon as men have learned the true meaning in terms in geometry they are able to deduce all the propositions in mathematics without possibility of error.
In the same way I maintain that as soon as we clearly understand what motion is, and that force is that which alters motion we are able to prove all the laws relating to force. The laws relating to the higher departments o f physics can hardly be said to be so easily proved. W e know mathematically what motion is but we do not know in the same way what temperature is. But we can reason mathematically about temperature by adopting a definition and 77 reasoning on principles for some of which we see the ultimate necessity while for others we can only say that it appears so by experiment.
But as Physical Science advances we see more and more that the laws o f nature are not mere arbitrary and unconnected decisions o f Omnipotence, but that they are essential parts o f one universal system in which infinite Power serves only to reveal unsearchable W isdom and external Truth. W hen we examine the truths o f science and find that we can not only say 'This so' but 'This must be so, for otherwise it would not be consistent w ith the first prin ciples o f truth'-or even when we can only say 'This ought to be so according to the analogy o f nature' we should think what a great thing we are saying, when we pronounce a sentence on the laws o f creation, and say they are true, or right, when judged by the principles o f reason. Is it not wonderful that m an's reason should be made a judge over God's works, and should measure, and weigh, and calculate, and say at last 'I understand I have discovered-It is right and true'. Man has indeed but little knowledge o f the simplest o f God's creatures, the nature o f a drop o f water has in it mysteries within mysteries utterly un known to us at present, but what we do know we know distinctly; and we see before us distinct physical truths to be discovered, and we are confident that these mysteries are an inheritance o f knowledge, not revealed at once, lest we should become proud in knowledge, and despise patient inquiry, but so arranged that, as each new truth is unravelled it becomes a clear, well-established addition to science, quite free from the mystery which must still remain, to show that every atom o f creation is unfathomable in its perfection. W hile we look down with awe into these unsearchable depths and treasure up with care what with our little line and plummet we can reach, we ought to admire the wisdom o f H im who has so arranged these mysteries that we find first that which we can understand at first and the rest in order so that it is possible for us to have an ever increasing stock o f known truth concerning things whose nature is absolutely incomprehensible.
These reflections may appear premature to some o f you. W e have not yet become familiar w ith these truths, and the w ork which we have to go through may seem o f a nature foreign to such contemplations. But as the w ork is before us, I have taken this opportunity o f pointing out some o f those trains o f thought which may serve to lead the mind at times from the matter we have to deal with, to subjects w ith which as students o f this class we are supposed to have nothing to do, but w ith which as human beings we have a great deal to do and I have rather directed your attention to these at present for the more material advantages o f the physical sciences are dilated, upon by all who write in these times and they will be more particularly treated o f as we advance.
I have also thought it unnecessary to tell you that the study of the world in which we live is our obvious duty as a condition of our fulfilling the original command ' to subdue the earth and have dominion over the creatures'. Those who have raised objections to the engrossing pursuit of physical science had done so on the ground of the supposed effects of exact science in making the mind unfitted to receive truths which it cannot comprehend. I have endeavoured to show that it is the peculiar function of physical science to lead us to the confines of the incomprehensible, and to bid us behold and receive it in faith, till such time as the mystery shall open. I trust also to be able to point out the fallacy of reasoning upon the supposed existence of laws of which we have no distinct idea, and assuming that the higher laws which we do not yet know are capable of being stated in the same forms as the lower ones which we do know. When vague ideas are put into the forms of mathematical or physical arguments we can expect nothing but vague conclusions, and great discredit to the mathe matics or physics so desecrated. Vague ideas may give picturesqueness to a declamation, but we must be very cautious of them when they are disguised in the form of an exact science.
W e have next to consider the relation of Physics to the other studies of the University.
The old University course consisted of seven fundamental studies. O f these the first three formed what was called the Trivium. First came Grammar teaching us words with their relation to one another. Then Logic treating of the relation of words to their meaning, and the laws of valid reasoning. Lastly Rhetoric illustrated the relation of words to living men, and laid down the laws of persuasion. The student was now furnished with his stock in trade and might amass knowledge for himself by the only known method-disputation. But if he aspired to academic perfection, there were yet other four things to be learnt-the Quadrivium. Mathematics discussed necessary truth with regard to measurable quantity, and Metaphysics extended its authority over all other species of necess ary truth. Natural Philosophy took charge of the external world while Moral Philosophy made the student acquainted with a more extensive range of phen omena within himself. This classification may be considered as dividing education into the acquisition of language and the study of philosophy. The first thing to be done was to make the student speak and think as a man ought, and then they gave him something to speak and think about before they turned him loose on the world, with his new powers of thought and speech. In the old time the student had very few pieces of genuine fact given him, but he had to conform to College rules, to talk such Latin as was possible to him, and to dispute a great deal according to the true maxims of Grammar, Logic and Rhetoric. Now-a-days we have too much to teach and too little time to teach it. It is understood that the essence o f a liberal education consists in a familiarity with all the departments o f existing knowledge. W e have no time for academic disputation or any other exercise in the shape o f intellectual drill. The modern mind is content w ith a due supply o f rations and considers discipline and a uniform system o f drill as needless formalities.
W hen the demand alters the supply must be altered to suit it so that the system o f education must change with the times.
I am happy to see that language is still considered the primary element in the education o f all classes. The right use o f speech is the first thing to be taught. W e must first speak grammar and then speak the truth.
H ow far these objects are promoted by what is called a Classical Education does not come into our consideration here. W e need only observe that the studies commonly pursued under that name have always been o f the severe order and therefore are still cultivated under the sanction o f authority. In a University we may regard the study o f languages as forming a preparation for the cultivation of Philology 'the love o f words* whether English or foreign.
I have spoken o f these sciences o f human speech as a preparation for that system o f science which begins with arithmetic and embraces mathematics and physics and endeavours to understand the world we live in and to express its laws in accurate and appropriate language.
W e have in these sciences a different kind o f discipline from that developed by philology. W e have less o f the necessities o f human society and its inter course, and more o f the necessity o f material laws, that is, the laws o f nature, or in other words that portion o f the Divine Order which relates to things without life. N ow if this portion o f truth be conversant with subjects less noble than that which relates to the language and actions o f man as a spiritual being, it has this to recommend it, that the laws we have to do with are better understood and more perfectly expressed than those which relate to higher things.
The expression o f these laws depends in a great measure upon the power which we have o f referring all physical events to changes which we can estimate with regard to their quantity. N ow whatever can be referred to quantity comes under the power o f mathematics and in this way mathematics becomes the instrument o f the physical sciences and physical laws and physical arguments are reduced to symbolic notation and algebraic calculation.
I ought now to state my opinion as to the necessity o f mathematics for the study o f Natural Philosophy. 1 need say no more than that I hold that Natural Philosophy is, and ought to be, Mathematics, that is, the science in which laws relating to Quantity are treated according to the principles o f accurate reason8o ing. It by no means follows that those who have not found themselves at home in the study of Pure Mathematics will find themselves still more out of their element in this class. For there are many men indifferent to abstract truth, and indeed hardly capable of appreciating it truth, who, when the same truth is clothed in a material form, are not only eager to make themselves familiar with it, but perceive it in its true relation to the principles on which it rests.
Many, who care not for algebra, delight in geometry, and those who are unfamiliar with calculation will yet reason rightly about forces when they meet with them in an actual experiment. I might point out some of the most remarkable specimens of physical reasoning of the most intricate and yet most accurate kind in Faraday's Electrical Researches, a work in which there is hardly an allusion to technical mathematics. But while I believe that every human mind is capable of understanding something of the elementary laws of the universe and that in some cases these laws are seen most clearly when embodied in material forms, still 1 would recommend the study of pure mathematics as a most valuable aid to that of Natural Philosophy and I would also point out the fact that the greatest advances in mathematics have been due to enquirers into physical laws.
To those who have profited by their mathematical studies 1 hope to give abundant opportunity of exercising their powers, but they must for their own sake as well as that of others go through the examination of physical laws apart from symbolic language.
I have in the last place to speak of the relation of Natural Philosophy to those sciences which belong to the more advanced part of the University course. I need say nothing of the importance of a knowledge of physical action to the student of chemistry, and I need hardly remind the anatomist that the body is subject to the elementary laws of matter. I have already said enough about the regions of obscure mental science which can only be explored by the light of physical discoveries. The student of Law will find a respite from his professional studies in contemplating a state of things where every law carries itself into execution, and where the success of every enterprise is determined by the precision with which the Laws of Nature are complied with. Those who intend to pursue the study of Theology will also find the benefit of a careful and reverent study of the order of Creation. They will learn that though the world we live in, being made by God, displays this power and goodness even to the careless observer, yet that it conceals far more than it displays, and yields its deepest meaning only to patient thought.
They will learn that the human mind cannot rest satisfied with the mere phenomena which it contemplates, but is constrained to seek for the principles
